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Objective: Transforming growth factor beta (TGF-b) in articular cartilage can signal via two routes, the
ALK5/Smad2/3P and the ALK1/Smad1/5/8P route, the ﬁrst being protective and the latter favoring
chondrocyte terminal differentiation. Since biomechanical factors are known to play an essential role in
osteoarthritis (OA) initiation and progression, we investigated if excessive mechanical compression can
alter TGF-b signaling in cartilage shifting it from ALK5/Smad2/3P to ALK1/Smad1/5/8P pathway, favoring
terminal differentiation of chondrocytes.
Design: Articular cartilage explants were harvested from bovine metacarpophalangeal joints. After
equilibration, explants were subjected to unconﬁned dynamic mechanical compression (1 Hz) with
3 MPa (physiological) or 12 MPa (excessive) stress. After different time intervals samples were frozen and
mRNA levels of selected genes were examined using real-time polymerase chain reaction.
Results: In articular cartilage compressed with 3 MPa and also 12 MPa stress the expression of Smad2/3P
responsive genes bSerpine1, bSmad7 and bAlk5 was up-regulated, whereas the expression of Smad1/5/8P
responsive gene bId1 was down-regulated. Furthermore, the expression of bTgfb1 was signiﬁcantly up-
regulated in both compression groups. When ALK5/Smad2/3P pathway was blocked with a selective
ALK4/5/7 inhibitor, the effect of excessive mechanical compression on bSmad7 and bAlk5 expression was
prevented.
Conclusions: Here we show that excessive mechanical compression alone is not able to shift TGF-b
signaling toward the ALK1/Smad1/5/8P pathway. In contrast, we show that mechanical compression not
only with physiological but also with excessive stress can activate Smad2/3P signaling, which is known to
be protective for articular cartilage and to block chondrocyte terminal differentiation.
 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
The major characteristic of osteoarthritis (OA) is articular
cartilage destruction1. Notwithstanding the increasing interest in
OA research, its etiology is still poorly understood. However, it is
known that conditions that result in increased load transmission,
like joint instability or local articular cartilage mechanical over-
loading e.g., due to meniscus resection, lead to a dramatically
increased risk for OA development2,3.. Madej, Radboud University
ry, P.O. Box 9101, 6500 HB




ternational. Published by Elsevier LArticular chondrocytes are highly mechanosensitive cells. In
various experimental models, frommonolayer, 3D cultures to tissue
explants, it has been shown that physiological mechanical stimu-
lation leads to activation of anabolic processes in chondrocytes,
resulting in increased matrix production and deposition4e6. In
contrast, excessive or injurious mechanical loading has catabolic
effects and is related to reduced extracellular matrix (ECM) proteins
biosynthesis, elevated production and activity of proteolytic en-
zymes and subsequent increased matrix destruction7e9. Interest-
ingly, mechanical stimulation can stimulate chondrocytes directly
but can also induce the release and activation of growth factors
being stored in cartilage ECM10.
One of the most abundant and potent growth factors in articular
cartilage is transforming growth factor beta (TGF-b). TGF-b is not
only a potent inducer of cartilage ECM production11 but also a
highly potent counteracting agent of catabolic factors, like IL-1b12.td. All rights reserved.
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ities. However, it has been shown that TGF-b can also induce OA-
like changes in healthy articular cartilage under speciﬁc
conditions13,14.
TGF-b initiates cellular responses by signaling through a com-
plex of transmembrane receptors. Recently, we and others have
shown that in articular chondrocytes TGF-b not only binds to the
TGF-b type II receptor and thereafter forms a complex with the
TGF-b type I receptor, ALK515 but TGF-b can alternatively form a
complex with another type I receptor, ALK116,17. Importantly, acti-
vated ALK5 signals by phosphorylation of intracellular transcription
factors Smad2 and Smad3, while ALK1 signals by phosphorylation
of Smad1, Smad5 and Smad817,18. Whereas the Smad2/3 pathway,
restrains chondrocytes terminal differentiation19, Smad1/5/8
signaling promotes this process20. Terminally differentiating
chondrocytes undergo phenotypic changes resembling alterations
taking place in chondrocytes during OA development21. This fact
not only explains enigmatic ﬁndings of TGF-b effect on articular
cartilage, but also demonstrates a mechanism how TGF-b might
contribute to OA development.
Recently two publications have shown that mechanical stimu-
lation can activate TGF-b signaling in chondrocyte-like cells22,23.
However, the chondrocytes in these studies were embedded in an
artiﬁcial matrix or cultured in monolayer. This means that the
experimental models did not resemble physiological conditions,
since these models were lacking awell integrated and intact ECM, a
crucial transducer of mechanical signals24 and storage of growth
factors10. We think that it is essential to study the effects of dy-
namic compression on TGF-b signaling in articular chondrocytes
within their natural ECM.
We investigated if TGF-b signaling could be activated by dy-
namic mechanical compression in intact articular cartilage.
Furthermore, since excessive loading is strongly associated with OA
development, we examined if an excessive level of mechanical
compression results in altered TGF-b signaling. We hypothesized
that excessive mechanical compression (12 MPa) could be a trigger
for altered TGF-b signaling favoring ALK1/Smad1/5/8P over ALK5/
Smad2/3P in articular cartilage and in this way promote the ter-
minal differentiation of chondrocytes.
Material and methods
Articular cartilage explants culture
Full thickness articular cartilage explants were harvested from
metacarpophalangeal (MCP) joints of skeletally mature cows (age
range 3e6-year-old) obtained from the local abattoir within 3 h
post-mortem. Explants were isolated with a 4 mm biopsy punch
(Kai-medical, Japan), and were 0.7  0.12 mm thick. Afterward,
explants were placed in Dulbecco’s Modiﬁed Eagle Medium:
Nutrient Mixture F-12 (DMEM/F-12) (Gibco, UK) with addition of
AntibioticeAntimycotic (contains 10,000 units/mL of penicillin,
10,000 mg/mL of streptomycin, and 25 mg/mL of Fungizone)
(Gibco, USA). No serum was added to the cultures. Explants were
equilibrated for 48 h in standard culture conditions (37C, 5% CO2
and 95% humidity).
Dynamic mechanical compression of articular cartilage explants
Following 48 h equilibration explants were randomly assigned
to two stimulation groups with a corresponding unloaded control
specimen. Stimulation groups were: 3 MPa compression (physio-
logical stress) and 12 MPa compression (excessive stress).
Chosen pressure levels were based on literature evaluation. The
magnitude of contact pressure in natural knee joint during light tomoderate activity ranges between 1 and 6 MPa25. However,
immediately after meniscectomy contact stresses in articulating
areas increase with two- to three-folds26,27.
The cartilage sample to be loaded was placed into the loading
bioreactor chamber ﬁlled with DMEM/F-12 medium, between two
plates. First, a preset compression force of 3 N was applied to
guarantee a contact between plates and specimen (this value
included into the desired pressure calculation). Then, explants were
subjected to force controlled, unconﬁned, dynamic mechanical
compression using a BOSE ElectroForce BioDynamic bioreactor
(5160 BioDynamic System) equipped with a 50 lbf load-cell (BOSE
Bose Corp. ElectroForce Systems Group, MN, USA). Compression
was performed as a sine wave with frequency of 1 Hz and desired
pressure. Duration of compression was 30 min (1800 cycles). The
whole compression procedure was performed in a cell culture
incubator under standard culture conditions (37C, 5% CO2 and 95%
humidity).
With each stimulation, a paired unloaded control explant was
placed in the same medium as the loaded sample and positioned in
the bioreactor’s incubator to guarantee the same environmental
conditions.
After the compression procedure the loaded articular cartilage
and the unloaded control sample were placed in a culture incu-
bator. At desired time intervals samples were frozen in liquid ni-
trogen and stored at 80C.
To validate our compression model, we prepared parafﬁn sec-
tions, stained with Safranin O and Fast Green. Analysis of cartilage
condition conﬁrmed that 3 MPa compressed cartilage had an intact
surface, normal matrix architecture, no enlargement/distortion of
chondrons and no proliferative changes of chondrocytes. In
contrast, 12 MPa compressed cartilage had surface discontinuity
and vertical ﬁssures extending into the mid zone (Supplementary
Fig. 1).Inhibition of ALK5 during dynamic mechanical compression
To block the ALK5/Smad2/3P pathway, the selective kinase ac-
tivity inhibitor of ALK4/5/7 (SB505124) was used. SB505124
(SigmaeAldrich, St. Louis, MO, USA) was applied in a concentration
of 5 mM. Inhibitor was dissolved in Dimethyl sulfoxide (DMSO),
which was used as a vehicle control. First, specimens were pre-
incubated with SB505124 for 1 h prior stimulation. Then, articular
cartilage explants were subjected to unconﬁned dynamic me-
chanical compression with 12 MPa (protocol described above) in
the presence of SB505124 (5 mM). At 2 h after compression samples
were frozen and stored at 80C. 5 ng/mL TGF-b1 (Biolegend, CA,
USA) stimulation for 6 h was used as a positive control of SB505124
capability to block Smad2/3 signaling.Total mRNA isolation and quantitative RT-polymerase chain
reaction (Q-PCR)
Deep frozen articular cartilage samples were homogenized us-
ing a micro-dismembrator (B. Braun Biotech International, Mel-
sungen, Germany) at 1500 RPM for 1 min. RNA was isolated from
homogenate using the RNeasy Mini Kit (Qiagen Inc., Valencia, CA,
USA) according to the manufacturer’s protocol. Isolated RNA was
reverse transcribed and produced cDNAwas used to performQ-PCR
reaction with the StepOnePlus Real-Time PCR System (Applied
Biosystems, Darmstadt, Germany) according to the manufacturer’s
protocol. Primers used are included in Table I. All Ct values for gene
of interest were corrected for Ct values of glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) to obtain dCt values. All Q-
PCR reactions were performed in duplicate.
Table I
Primers used in Q-PCR. Only primers with standard curve slope deviated no more than 0, 3 from standard curve slope of bovine GAPDH were used. Another criterion for
primers selectionwas only one product showed by melting curve. Slopes of all selected primers were determined by standard curve from a series of ﬁve cDNAwater dilutions,
in duplicate
Gene Slope Forward primer (50 / 30) Reverse primer (50 / 30)
Bovine Gapdh 3, 2 CACCCACGGCAAGTTCAAC TCTCGCTCCTGGAAGATGGT
Bovine Alk1 3, 3 ACAACACAGTGCTGCTCAGACA TGCTCGTGGTAGTGCGTGAT
Bovine Alk5 3, 5 CAGGACCACTGCAATAAAATAGAACTT TGCCAGTTCAACAGGACCAA
Bovine Id1 3, 1 GCTCCGCTCAGCACTCTCAA GATCGTCCGCTGGAACACA
Bovine Serpine1 3, 3 CGAGCCAGGCGGACTTC TGCGACACGTACAGAAACTCTTGA
Bovine Smad7 3, 2 GGGCTTTCAGATTCCCAACTT CTCCCAGTATGCCACCACG
Bovine Tgfb1 3, 2 AGTGGACATTAACGGGTTCAGT GAATCCACTTCCAGCCCAGG
Fig. 1. Relative mRNA expression of Smad2/3P signaling pathway downstream genes
[bSerpine1 (A) and Smad7 (B)], at 2, 6 and 24 h after dynamic mechanical compression.
Intact articular cartilage specimens were dynamically compressed with 3 MPa or
12 MPa. Compression was performed as a sine wave with frequency of 1 Hz for 30 min
(1800 cycles). The whole compression procedure was performed under standard cul-
ture conditions (37C, 5% CO2, 95% humidity). To each stimulated explant, the corre-
sponding unloaded control was placed and kept at the same environmental conditions
as the loaded sample. In both compression groups bSerpine1 expression was strongly
inﬂuenced by dynamic mechanical compression. bSerpine1 was signiﬁcantly up-
regulated in both stimulation groups already at 2 h after compression. At 6 h after
compression, up-regulation of bSerpine1 could no longer be observed in any stimula-
tion group. In both compression groups bSmad7 expression was strongly inﬂuenced by
dynamic mechanical compression. bSmad7 was signiﬁcantly up-regulated in both
stimulation groups already at 2 h after compression. At 6 h after compression
expression levels of bSmad7 in 3 MPa compressed articular cartilage went back to
control levels but in 12 MPa compressed cartilage remained up-regulated. Data are
expressed as a grouped column scatter of multiple repeats with displayed mean (each
point represents individual experimental repeat on material isolated from different
animals, N ¼ 5).*P  0.05; **P  0.01; ***P  0.001.
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All quantitative data were expressed as a grouped column
scatter of multiple repeats with displayed mean (all experiments
were repeated ﬁve times using cartilage isolated from different
animals, N ¼ 5). For each analysis data were checked for normality
using the ShapiroeWilk test. Linear mixed models with Bonferroni
multiple comparison post-tests were used to estimate the effect of
time and compression (and interaction terms) on gene expression.
Linear mixed models take into account the correlated nature of
repeated measures on cartilage isolated from the same subject.
One-way ANOVA with Tukey’s multiple comparison post-test was
used to determine the effect of the compression on gene expression
in the presence of SB505124. The statistical analysis was performed
with the statistical software packages: SPSS 20.0 (SPSS, Chicago,
USA) and GraphPad Prism version 5.03 (La Jolla, CA, USA).
Results
Physiological and excessive mechanical compression up-regulates
downstream genes of Smad2/3P signaling pathway
We examined the expression of a speciﬁc downstream gene
Serpine1 (Pai1), being activated by Smad2/3P route17,28. Serpine1
gene promoter has been shown to contain speciﬁc Smad3/Smad4
binding elements29, which substantiates the role of Serpine1 gene
as a highly speciﬁc marker of the activated Smad2/3P signaling
route.
At the 2 h time point, 3 MPa mechanical compression up-
regulated bSerpine1 with 14.9-fold (23.9 Ct) (P ¼ 0.001) while
12 MPa compression up-regulated it with 32-fold (25.0 Ct)
(P < 0.0001) [Fig. 1(A)]. At 6 h after compression the expression of
bSerpine1 in unloaded control increased when compared to 2 h
time point. At the 6 h time point, in both stimulation groups the
bSerpine1 expression was no longer up-regulated when compared
to unloaded control [Fig. 1(A)]. At 24 h after compression, changes
of bSerpine1 expression were noticed in unloaded control. Com-
parison of bSerpine1 expression among related stimulation groups
within 2 and 24 h time point showed a very signiﬁcant down-
regulation of bSerpine1 with 11.3-fold (23.5 Ct in 3 MPa, P ¼ 0.001)
and with 10.5-fold (23.4 Ct) in 12 MPa compressed articular cartilage
(P ¼ 0.002) [Fig. 1(A)].
bSerpine1 expression was unstable in unloaded controls with
time and this complication could obscure the effects of loading on
TGF-b signaling in dynamically compressed articular cartilage.
Therefore, we decided to analyze the expression of a second gene
that has been shown to be responsive to Smad2/3P signaling,
Smad730,31.
At the 2 h time point, 3 MPa compression up-regulated bSmad7
expression by 8-fold (23 Ct, P < 0.0001) and 12 MPa compression
up-regulated it by 12.1-fold (23.6 Ct, P < 0.0001) [Fig. 1(B)]. Most
importantly, the expression of bSmad7 in unloaded control was not
affected by culture time and remained stable. This allowed us to
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At 6 h after compression bSmad7 remained up-regulated only in
12 MPa compressed articular cartilage. This up-regulation was
signiﬁcant when compared to the unloaded control (P ¼ 0.032) as
well as when compared to 3 MPa compressed cartilage (P ¼ 0.005).
However, in both stimulation groups bSmad7 expression was
signiﬁcantly lower (P< 0.0001) when compared to its expression in
analogous stimulation groups at 2 h after compression [Fig.1(B)]. At
the 24 h time point, bSmad7 expression levels in both compression
groups continued to decrease. This reduction was signiﬁcant in
both compression groups (P < 0.0001 for 12 MPa) (P ¼ 0.048 for
3 MPa) when compared to 6 h time point.
Physiological and excessive mechanical compression inhibits
expression of downstream gene of Smad1/5/8P signaling pathway
Id1 is a highly speciﬁc downstream gene for the Smad1/5/8P
signaling route17,28. Id1 promoter has been shown to contain
Smad1/Smad4 binding elements, which establish Id1 gene as a
highly speciﬁc marker for activation of Smad1/5/8 route32. That is
why we analyzed Id1 expression to monitor Smad1/5/8P signaling
pathway under mechanical compression conditions.
BId1 expression was inﬂuenced by compression not earlier than
at the 6 h time point. Then bId1 was down-regulated in both
compression groups (P ¼ 0.017 for 3 MPa) (P ¼ 0.004 for 12 MPa)
when compared to unloaded control (Fig. 2). At the 24 h time point,
the bId1 expression continued to decrease. In 3 MPa compressed
cartilage it was almost 13-fold lower (23.7 Ct, P < 0.0001) and in
12 MPa compressed cartilage it was nearly 78.8-fold lower (26.4 Ct,
P < 0.0001) than in unloaded controls.
Physiological and excessive mechanical compression up-regulates
expression of bTgfb1
To evaluate if dynamic mechanical compression can inﬂuence
the expression of bTgfb1 we analyzed its expression in 3 MPa and
12 MPa compressed articular cartilage at 2, 6 and 24 h after
compression and compared it to unloaded controls.
At 2 h, Tgfb1 was signiﬁcantly up-regulated with 3-fold (21.6 Ct)
in 3 MPa compressed articular cartilage (P < 0.0001) as well as inFig. 2. Relative mRNA expression of Smad1/5/8P signaling pathway downstream gene
(bId1) at 2, 6 and 24 h after dynamic mechanical compression. Intact articular cartilage
specimens were dynamically compressed with 3 MPa or 12 MPa. In both compression
groups bId1 expression was strongly inﬂuenced by dynamic mechanical compression.
bId1 was signiﬁcantly down-regulated in both stimulation groups when compared to
unloaded control at 6 h after compression with continuous down-regulation measured
at 24 h after compression. Data are expressed as a grouped column scatter of multiple
repeats with displayed mean (each point represents individual experimental repeat on
material isolated from different animals, N ¼ 5). *P  0.05; **P  0.01; ***P  0.001.12 MPa compressed cartilage (2.8-fold, 21.5 Ct, P < 0.0001) when
compared to the unloaded controls (Fig. 3). Even after 6 h, a sig-
niﬁcant bTgfb1 up-regulation could be observed, as in 3 MPa
compressed cartilage bTgfb1was up-regulated with 3.2-fold (21.7 Ct,
P < 0.0001) and in 12 MPa compressed cartilage bTgfb1 was up-
regulated with 4.5-fold (22.2 Ct, P < 0.0001) (Fig. 3). At 24 h after
mechanical compression bTgfb1 expression in both stimulation
groups was signiﬁcantly down-regulated (P ¼ 0.005 for 3 MPa and
P ¼ 0.028 for 12 MPa compressed cartilage) (Fig. 3). Remarkably,
within all time intervals after stimulation we did not observe any
signiﬁcant differences between bTgfb1 expression in 3 MPa and
12 MPa compressed articular cartilage.Physiological and excessive mechanical compression inﬂuences the
expression of TGF-b type I receptors ALK5 and ALK1
Since the chondrocytes response characteristics for TGF-b
stimulation can be determined by the balance between receptors
ALK5 and ALK1, we decided to investigate whether 3 MPa and
12 MPamechanical compression of articular cartilage can affect the
expression patterns of these receptors.
At the 2 h time point, in 3 MPa and 12 MPa compressed articular
cartilage the expression of bAlk5 was increased when compared to
unloaded control. 12 MPa mechanical compression up-regulated
bAlk5 expression signiﬁcantly with 4.9-fold (22.3 Ct, P ¼ 0.003),
3 MPa mechanical compression also up-regulated bAlk5 expression
with 2.6-fold (21.4 Ct) but in this case the increase was not signiﬁ-
cant [Fig. 4(A)]. At 6 h after compression, bAlk5 expression had
restored to control levels [Fig. 4(A)]. At the 24 h time point, bAlk5
expression decreased signiﬁcantly in both stimulation groups not
only when compared to unloaded control from this time point
(P ¼ 0.001 for 3 MPa and 12 MPa compressed cartilage) but also
when compared to bAlk5 expression in analogous experimental
groups at 6 and 2 h after mechanical compression [Fig. 4(A)].
The effect of compression on bAlk1 expressionwas observed not
earlier than at 6 h time point [Fig. 4(B)] when bAlk1 expression
decreased in both stimulation groups in comparison to unloaded
control. However, this decrease was signiﬁcant only in 12 MPa
compassed cartilage (P ¼ 0.006) [Fig. 4(B)]. Analysis of bAlk1
expression at the 24 h time point showed signiﬁcant decrease inFig. 3. Relative mRNA expression of bTgfb1 at 2, 6 and 24 h after dynamic mechanical
compression. In both compression groups bTgfb1 expression was strongly inﬂuenced
by dynamic mechanical compression. bTgfb1 was signiﬁcantly up-regulated in both
stimulation groups already at 2 h after compression and remained up-regulated for 6 h
after compression. Data are expressed as a grouped column scatter of multiple repeats
with displayed mean (each point represents individual experimental repeat on ma-
terial isolated from different animals, N ¼ 5). *P  0.05; **P  0.01; ***P  0.001.
Fig. 4. Relative mRNA expression of TGF-b type I receptors ALK5 (A) and ALK1 (B) at 2,
6 and 24 h after dynamic mechanical compression. In both compression groups bAlk5
expression was inﬂuenced by dynamic mechanical compression. bAlk5 was signiﬁ-
cantly up-regulated only in 12 MPa compressed group when compared to unloaded
control at 2 h after compression. Already at the 6 h after compression bAlk5 expression
went back to control levels. bAlk1 expression was strongly down-regulated in both
compression groups at the 24 h time point. Data are expressed as a grouped column
scatter of multiple repeats with displayed mean (each point represents individual
experimental repeat, on material isolated from different animals, N ¼ 5). All signiﬁcant
outliers were detected by Grubbs’ test and removed from dataset (for bAlk1 dataset,
N ¼ 4). *P  0.05; **P  0.01; ***P  0.001.
Fig. 5. Relative mRNA expression of bSmad7 (A) and bAlk5 (B) at 2 h after dynamic
mechanical compression. SB505124 was added in a concentration of 5 uM. Specimens
were pre-incubated with agent for 1 h prior stimulation. Agent was present also during
compression procedure. TGF-b1 stimulation was performed with 5 ng of human re-
combinant TGF-b1 (Biolegend, CA, USA) for 6 h. At 2 h after compression, bSmad7
expression was up-regulated by 12 MPa mechanical compression with and without
vehicle control and this up-regulation could be fully blocked by SB505124 (A). bAlk5
expression was up-regulated by 12 MPa mechanical compression with and without
vehicle control and this up-regulation could also be fully blocked by SB505124 (B).
Data are expressed as a grouped column scatter of multiple repeats with displayed
mean (each point represents individual experimental repeat on material isolated from
different animals, N ¼ 5). *P  0.05; **P  0.01; ***P  0.001.
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(P ¼ 0.010) as well as in 12 MPa compressed cartilage (P < 0.0001)
when compared to the unloaded control [Fig. 4(B)].
Inhibition of ALK4/5/7 blocks compression-induced up-regulation of
Smad2/3P-related genes
We wanted to conﬁrm whether the observed up-regulation of
Smad2/3P response genes caused by 12 MPa mechanical
compression was driven by active signaling via ALK4/5/7 and sub-
sequent Smad2/3 signaling pathway. To achieve this we analyzed
whether the elevated expression of bSmad7 and bAlk5 could be
blocked with the ALK4/5/7 kinase activity inhibitor SB505124.
We decided to analyze the expression of bSmad7 instead of
bSerpine1 since this gene showedmore stable basal expression than
bSerpine1, observed in previous experiments. Moreover, bSmad7
expression showed to be more susceptible for different compres-
sion stresses.
Analysis of bSmad7 expression showed as expected, that addi-
tion of exogenous TGF-b1 to static culture, signiﬁcantly up-regulated bSmad7 expression (P ¼ 0.036) when compared to
vehicle control group. This up-regulation could be completely
blocked by SB505124 (P < 0.0001) [Fig. 5(A)]. 12 MPa mechanical
compression signiﬁcantly up-regulated expression of bSmad7 in
vehicle control group (P < 0.0001). However, in the presence of
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regulate bSmad7 expression (P < 0.0001) [Fig. 5(A)]. It is impor-
tant to mention that results of this experiment clearly conﬁrmed
the validity of bSmad7 as a relevant and speciﬁc indicator of active
Smad2/3 signaling pathway in our experiments.
As expected, the addition of exogenous TGF-b1 to the culture
up-regulated bAlk5 expression signiﬁcantly when compared to
vehicle control (P < 0.0001). In the presence of SB505124 this up-
regulation was no longer present (P < 0.0001) [Fig. 5(B)]. In
vehicle control, 12MPa compression up-regulated bAlk5 expression
signiﬁcantly (P ¼ 0.010) However, in the presence of SB505124 up-
regulation of bAlk5 caused by 12 MPa dynamic mechanical
compression was no longer observed (P < 0.0001) [Fig. 5(B)].
Discussion
There is strong evidence that biomechanical factors play a
crucial role in the events leading to OA initiation and progression2,3.
We have investigated if excessive mechanical compression can be a
trigger for altered TGF-b signaling in the intact articular cartilage
and inﬂuences pathways that have previously been shown to be
involved in chondrocyte function and differentiation. We report
that mechanical compression of articular cartilage with a physio-
logical as well as an excessive stress activates Smad2/3 signaling
pathways equally.
It has been previously reported that excessive TGF-b action can
induce OA-like changes in articular cartilage13,14. Furthermore, it
has previously been reported that TGF-b, when signaling via the
alternative ALK1 receptor and subsequent Smad1/5/8 activation,
can be involved in chondrocyte terminal differentiation14,17. Since
increased load transfer is associated with OA initiation and pro-
gression, we postulated that excessive mechanical compression
might be a factor that modulates TGF-b signaling. However, we
found that physiological as well as excessive mechanical
compression up-regulated downstream factors, associated with
Smad2/3 activation. This indicates that a signaling pathway which
inhibits terminal, hypertrophic differentiation of chondrocyte and
is essential for maintaining of healthy articular cartilage33 is acti-
vated in both stimulation protocols.
We considered several reasons why no functional differences
were observed between the two loading forces applied. First of all,
we show the effect of a relatively short time compression. In the
majority of the experiments showing the effect of compression on
articular cartilage or chondrocytes, the time of loading procedure
was longer, differing from hours to days of duration5,7,34,35. How-
ever, we have chosen a short time of the compression to be able to
observe the direct effects of stimulation on TGF-b signaling in
chondrocytes with minimal effect of secondary pathways, like
MAPK kinase, which have been shown to be activated already at 4 h
within/after dynamic mechanical compression36. Secondly, we
have chosen to apply levels of the mechanical compression
measured in human knee joint although we have used bovine tis-
sue. It is highly possible that loading patterns and peak contact
pressures in bovineMCP joint differ from the ones in human’s knee.
However, bovine articular cartilage is a well accepted model for
biomechanical studies of cartilage37e40 and it has been shown to
respond to mechanical compression in a range from 6 to 10 MPa
with increased apoptosis41. Third of all, our compressionmodel was
applying unconﬁned mechanical dynamic compression. We
decided to use the unconﬁned compression since the conﬁning
chamber prevents nutrients and additional factors like growth
factors or speciﬁc inhibitors (which we wanted to use in our ex-
periments) from accessing the specimen during stimulation pro-
cedure42. We cannot exclude that the effect of conﬁned
compression in our experiments would show differences betweentwo applied compression stresses. However, in the unconﬁned
compression test, while the stress in the axial direction is always
compressive, the stress in the radial direction is always tensile42.
This means that chondrocytes at any locationwithin the explant are
squashed in the axial direction and stretched in the radial direction.
That is why, we believe that unconﬁned compression is more
representative to in situ contact conditions than conﬁned
compression since the latter does not produce any tensile stress43.
Considering the onset of activation of downstream factors for
Smad2/3P signaling we showed that this activation is most likely
mediated by the ALK4/5/7 receptors, since this effect could be fully
blocked with a speciﬁc ALK4/5/7 inhibitor. Despite using SB505124
we expect to observe the same results with use of other speciﬁc
ALK4/5/7 inhibitor, e.g., SB431542. Not ruling out a role of ALK4 and
ALK7, we speculate that the observed effects are a consequence of
active TGF-b bound to the receptor ALK5 and activation of subse-
quent Smad2/3 signaling.We think that fast activation of Smad2/3P
speciﬁc downstream genes caused by both compression stresses
might indicate the activation of TGF-b in extracellular space from a
pre-existing pool rather than by production and release of TGF-b de
novo by the stimulated chondrocytes. It has been reported that TGF-
b can be stored in large amounts (up tow300 ng/g of all isoforms of
TGF-b) in EMC of articular cartilage, however in the latent form44.
Recent research showed that mechanical loading can operate as a
signiﬁcant activator of latent TGF-b45 as Albro et al. demonstrated
that shearing of synovial ﬂuid can activate substantial amounts of
latent TGF-b. However, they observed no activation of latent TGF-b
in dynamically compressed devitalized articular cartilage46. This
shows that TGF-b activation in mechanically compressed articular
cartilage is controlled by living chondrocytes. Indeed, it has been
shown that cells, can strictly control the activation of latent TGF-b
by the action of proteolytic enzymes, especially MMP347. However,
we cannot exclude totally that the observed effects are the conse-
quence of signaling induced by other members of the TGF-b su-
perfamily, for instance activin A, which also signals via the Smad2/
3P pathway.
We report also that dynamic mechanical compression induces
the expression of bTgfb1 in intact articular cartilage (explants).
Since TGF-b1 is considered a central regulator of articular cartilage
repair and homeostasis, this indicates that mechanical compression
is a crucial indirect mediator of these processes via induction of
TGF-b production.
Moreover, this results show that whereas TGF-b is being acti-
vated in articular cartilage by dynamic mechanical compression,
the same signals might stimulate the production of TGF-b and
renewal of its pool in ECM.
Our results are in line to Bougault et al. who showed that dy-
namic compression (0.5 Hz, 20e40 kPa, 5e30 min) of chondrocyte-
agarose constructs promotes the phosphorylation of Smad2/3 but
not Smad1/5/822. They have speculated that the observed effect is a
consequence of mechanically driven release of soluble TGF-bwhich
then binds to its receptor and triggers Smad2/3P signaling. We
cannot exclude this process happening also in our model, but
regarding the fact that TGF-b is always released in an inactive form
and we observe fast up-regulation of TGF-b signaling downstream
genes we think that our observations are the consequences of
activation of latent TGF-b stored in the ECM.
The major limitation of our study is fact that we based our
conclusions on gene expression data only. However, our experi-
ments were performed on articular cartilage explants, where
cellular proteins represent only 0.01e0.1% of the entire tissue vol-
ume. This makes the detection of speciﬁc proteins extremely
difﬁcult and reproducibility of the result at the protein level is poor.
We have shown that physiological and excessive mechanical
compression activates ALK5/Smad2/3P signaling pathway being
W. Madej et al. / Osteoarthritis and Cartilage 22 (2014) 1018e10251024known to protect articular cartilage and to block chondrocytes
terminal differentiation. Furthermore, we show that Smad1/5/8P
pathway is suppressed not only in physiologically and also in
excessively compressed cartilage. Since, we have observed down-
regulation of this Smad1/5/8P signaling pathway downstream
gene caused by exogenous recombinant TGF-b1 in articular carti-
lage explants cultures (unpublished data) we postulate that
observed suppression is a consequence of mechanically initiated
activation of latent TGF-b and subsequent ALK5/Smad2/3P
signaling at an earlier time point.
Results we report in this article point out, that excessive me-
chanical compression alone in the regime we applied, is not stim-
ulating altered TGF-b signaling toward the potential deleterious
Smad1/5/8P pathway. Furthermore, our ﬁndings demonstrate that
short term, excessive mechanical compression induces the activa-
tion of Smad2/3P signaling pathway. However, we propose that
additional factors, like inﬂammatory conditions and/or another
type of loading (shear stress and/or combination of multiple types
of loadings) which are also present after meniscectomy could alter
TGF-b signaling in articular cartilage to promote TGF-b mediated
terminal differentiation and OA-like changes in overloaded artic-
ular cartilage.
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